Background: Preventive laparoscopic closure of the epiploic foramen (EF) has previously been described, but methods for EF closure during laparotomy for treatment of colic are lacking. Objectives: To describe the foramen epiploicum mesh closure (FEMC) technique through a ventral midline laparotomy in horses under general anaesthesia and its outcome. Study design: Terminal surgical experiment and in vivo study. Methods: In a pilot study, a standard ventral midline laparotomy was performed under general anaesthesia in 10 experimental horses and a threedimensional expandable diabolo-shaped mesh construct was manually introduced through the EF into the omental vestibule. The laparotomy incision was routinely closed after which the horses were subjected to euthanasia. Subsequently, the cadavers were extensively manipulated and finally mesh position was verified during necropsy. Thereafter, a ventral midline laparotomy, with simulation of abdominal manipulations during colic surgery was performed on six experimental horses. A three-dimensional expandable diabolo-shaped mesh with a radiological marker was introduced as in the pilot study. Clinical and laboratory parameters were recorded during the post-operative period. Four weeks after the intervention, abdominal radiography and laparoscopy were performed in all six horses. Results: Insertion of all 16 diabolo-shaped mesh constructs during laparotomy was uneventful. The 10 mesh constructs of the pilot study were positioned correctly at necropsy. No post-operative clinical or laboratory parameter alterations were noticed in the other six horses, apart from a transient leucocytosis and an increase in serum amyloid A. Abdominal radiography at 4 weeks revealed consistent positioning of the mesh marker. Laparoscopy confirmed that all six EFs were closed, without intestinal adhesions. Main limitations: Mesh insertion in clinical cases and during clean contaminated surgery was not investigated. Conclusion: The FEMC technique via laparotomy provides a fast, simple and reliable procedure to obliterate the EF and may be useful during EFE surgery to prevent recurrence of the disease, avoiding a subsequent laparoscopic procedure.
Introduction
Epiploic foramen entrapment (EFE) is a life-threatening condition with a high morbidity and mortality [1] [2] [3] , which is encountered in about 5% of the surgically treated equine colic horses [4] [5] [6] . The most important risk factor for the development of EFE is windsucking/crib-biting [7, 8] and recurrence rates of 2-14% have been reported in several case series [4, 5, 9] and in one out of two cases during an experimental study [10] . Low recurrence rates despite strong risk factors may be explained by spontaneous closure of the EF after EFE entrapment due to induced inflammation and subsequent serosal adhesions at the level of the EF and omental vestibule. Such spontaneous closure of the EF after surgical correction of EFE was recently documented in three of seven horses [10] . Unfortunately, a noninvasive diagnostic technique to determine if spontaneous closure of the EF has occurred after an EFE is currently unavailable. Laparoscopic inspection of the EF subsequent to surgical correction of an EFE has, therefore, been proposed, followed by laparoscopic closure of the EF if needed [10] .
Two laparoscopic techniques for closure of the EF have been described, both on the standing sedated horse. Using the first technique, the EF was closed with 4 to 10 helical titanium coils (Protack 5 mm Fixation Device) a , resulting in an obliteration of the EF in five of six experimental horses and in partial closure in the sixth horse [11] . Subsequently, the foramen epiploicum mesh closure (FEMC) technique was described where the EF is obliterated by means of an expandable three-dimensional diabolo-shaped polypropylene mesh construct (3D Max Mesh) b [12] . The diabolo-shaped mesh construct was held in place by its three-dimensional configuration and was not secured in place by additional means. With the laparoscopic FEMC technique, the entire funnel-shaped omental vestibule including the EF was closed by mature fibrous tissue in all six experimental horses [12] .
The previously reported EF closure procedures necessitate a second surgical intervention subsequent to the initial colic surgery. A technique that can be performed during the initial laparotomy would avoid the need for a second surgery. An adaptation of the laparoscopic FEMC technique whereby the mesh construct is inserted during the laparotomy seems a logical way forward. Nevertheless, this adaptation raises some concerns including the lack of visibility and the unknown effect of recovery from general anaesthesia on the position of the mesh with its potential displacement from the EF [10] .
The aim of the current study was, therefore, to develop a technique for insertion of a diabolo-shaped mesh construct in the EF through a ventral midline laparotomy in horses. We hypothesised that this technique would be a fast and simple method allowing complete closure of the EF in all horses without complications.
Materials and methods

Pilot study
A standard ventral midline laparotomy was performed in 10 experimental horses under general anaesthesia. The horses were involved in a terminal small intestinal ischaemia/reperfusion study. Horses without a history of previous abdominal surgery were selected. The median age was 4 years and 6 months (1 year and 5 months to 14 years), the median body weight was 537 (402-655) kg, and the study included six mares, two stallions and two geldings. Food f in a mixture of oxygen and medical air. After standard surgical preparation of the ventral abdomen, a 25-cm ventral midline incision was performed through the linea alba, starting 3 cm cranially from the umbilicus. Insertion of the three-dimensional expandable diabolo-shaped mesh construct into the omental vestibule through the EF was performed concurrently with the ischaemia/reperfusion procedure by two different surgeons (A.R. and T.V.B.). The surgeons were positioned on the left side of the horse and used their left hand to palpate the EF. The number of fingers that could be introduced through the EF was recorded as an estimation of the EF dimension. A diabolo-shaped mesh construct was subsequently prepared as previously described for the laparoscopic FEMC technique [12] . In brief, two pre-formed oval-shaped knitted polypropylene meshes (3DMax Mesh) b (10.8 9 16.0 cm), used for inguinal hernia repair in man, were used. The first mesh was grasped with a DeBakey tissue forceps at its smallest diameter. The forceps were twisted 270°and subsequently withdrawn. Next, the rolled part of the mesh was retained and double folded on its longest diameter. The resultant pyramidal configuration was kept in place with a USP 2-0 polyglactin 910 (Vicryl) g horizontal mattress suture at the apex of the pyramid. The second mesh was prepared in the same manner, and finally the apices of the two pyramids were secured together with an additional USP 2-0 polyglactin 910 (Vicryl) g horizontal mattress suture, resulting in a diabolo-shaped mesh construct [12] . The diaboloshaped mesh construct (diameter: 10 cm, length: 10 cm) is illustrated in Figure 1a .
After preparation, the mesh construct was manipulated with the surgeon's left hand and introduced through the EF into the omental vestibule. To do so, one half of the construct was rolled on itself and secured between thumb and index finger as demonstrated in Figure 1b . Standing on the left side of the horse, the surgeon manipulated the mesh construct though the EF into the omental vestibule on the right side of the abdomen, between the caudate process of the liver and the hepatoduodenal ligament. About 1 cm of the mesh construct was left protruding out of the EF into the abdominal cavity. Once the index finger and thumb of the surgeon's left hand were released, the expandable threedimensional diabolo-shaped mesh construct recovered its original shape as demonstrated in Figure 1c .
After completion of the ischaemia/reperfusion procedure, the laparotomy incision was closed with a continuous USP 6 polyglactin 910 (Vicryl) h suture pattern in the linea alba, USP 1 polyglactin 910 (Vicryl) h in the subcutaneous tissues and USP 0 polyglyconate (Maxon) i in the skin. The horses were not recovered from general anaesthesia. Euthanasia was induced by lethal injection of 70 mg/kg bwt pentobarbital i.v. (Euthadorm 400) f . Time from mesh placement to euthanasia was recorded. Subsequently, the 10 cadavers were used for a neck CT study. The cadavers were hoisted from the surgery table and transported to the CT facility where they were manipulated on the CT table. At completion of the CT study, the cadavers were hoisted on a truck and transported for 5 km to a dissection facility. The next day the cadavers were dissected for student demonstration. After removal of the intestines, the caudal part of the body was removed to have better visualisation of the cranial abdominal organs. Subsequently, the pancreas was removed to have a view on the hepatoduodenal ligament through which the exact position of the mesh construct could be seen. The relative position of the mesh construct to the portal vein was recorded. b used for laparoscopic inguinal hernia repair in man [12] . b) One half of the diaboloshaped mesh construct is rolled on itself and secured between the index finger and thumb of the surgeon's left hand, to allow introduction of the mesh construct into the omental vestibule through the epiploic foramen. c) Once the index finger and thumb of the surgeon's left hand are released, the expandable three-dimensional diabolo-shaped mesh construct recovers its original shape.
Main study
An exploratory laparotomy was performed on six experimental geldings without a history of previous abdominal surgery. The median age was 11 years and 5 months (6 years and 2 months to 16 years and 5 months), the median bodyweight was 583 (520-727) kg and the median withers height was 1.62 (1.57-1.74) m. None of the horses had a history of windsucking/crib-biting behaviour. Food but not water was withheld for 12 h prior to surgery. . After endotracheal intubation, the horses were placed on a padded equine surgery table in dorsal recumbency and anaesthesia was maintained with isoflurane (Isoflo) n in a mixture of oxygen and medical air. Three different surgeons were involved in the mesh application procedure (T.V.B., P.W. and A.M.). After standard surgical preparation of the ventral abdomen, a 25-cm ventral midline incision was performed followed by a standard abdominal exploration. The number of fingers that could be introduced through the EF was recorded as an estimation of the EF dimension. A diabolo-shaped mesh construct was prepared and a 4-hole 2.4 Locking Compression Plate (LCP) r was sutured to the middle of the diaboloshaped mesh construct to serve as a radiological marker. The mesh construct was introduced into the omental vestibule through the EF and then the abdominal incision was closed, as described above. The incision was protected with an adhesive sterile stent bandage. The horses were recovered from anaesthesia with head and tail rope assistance. Surgery and recovery duration were recorded and the recovery quality was scored by a board-certified anaesthesiologist (Score 1-5 with score 1 defined as 'standing in one attempt, no or light ataxia' and score 5 as 'very bad recovery with substantial risk for trauma'). Post-operatively, the horses were treated with 6.6 mg/kg bwt gentamicin (Genta-Equine) k i.v. q24 h, 22,000 IU/kg bwt sodium penicillin (Penicilline) l i.v. q8 h and 1.1 mg/kg bwt flunixin meglumine (Finadyne) m i.v. q12 h for 3 days. Horses were examined daily for 1 month after surgery including alertness, appetite, rectal temperature, heart rate, respiratory rate, abdominal auscultation, colic signs, faecal output and lumbal reflexes. White blood cell count, plasma fibrinogen and serum amyloid A concentrations, serum bile acid concentrations, and serum activities of AST, GGT and amylase activity were measured on days 1, 3, 5, 8 and 30 after surgery. One-month post-operatively, a left to right lateral radiograph of the craniodorsal abdomen with a grid applied (Canon CXDI-801C Wireless Digital Radiography System) s using 85 kV and 80 mAs was obtained to determine the position of the mesh. Right flank standing laparoscopy was then performed to determine the degree of obliteration of the EF and to inspect for undesired abdominal adhesions.
To analyse the response of the different laboratory data over time, a Friedman test was used, followed by a Dunn's test with correction for multiple comparisons. The significance was set at P≤0.05. Normally 
Results
Pilot study
The dimension of the EF was estimated in eight horses, a median of 2.5 (1.5-3.5) fingers could be introduced corresponding to a median circumference of 11 (7) (8) (9) (10) (11) (12) cm measured on the fingers of a 7.5 gloved surgeon. In general, introduction of the diabolo-shaped mesh construct through the EF into the omental vestibule was considered easy. The mesh application was considered less easy in horses with a smaller EF.
Time between mesh application and euthanasia varied between 123 and 222 min (mean 198 min). On autopsy, all diabolo-shaped mesh implants were in the correct position leaving about 1 cm of the mesh construct protruding out of the omental vestibule through the EF into the abdominal cavity. The narrowest part of the diabolo-shaped mesh construct was located at the level of the portal vein in all 10 carcasses, as was described for the original laparoscopic FEMC technique [12] . In horses 3 and 6, a small section of the deeper part of the diaboloshaped mesh construct was partially folded back onto itself. The position of the deepest part of the diabolo-shaped mesh construct could not be evaluated in horses 5 and 8.
Main study
Abdominal exploration, mesh application and recovery from anaesthesia were uneventful except for a serosal rent that occurred in the ascending colon as a result of manipulation in one horse. The serosal rent was sutured. The median surgical time was 47.5 (29-67) min. The median recovery time was 21 (17-50) min. The median overall recovery quality was scored 1.5 (1-3) .
The estimated median dimension of the EF was 3 (2-4) fingers corresponding to a median circumference of 12 (8) (9) (10) (11) (12) (13) (14) (15) (16) cm measured on the fingers of a 7.5 gloved surgeon.
Post-operatively, clinical and laboratory variables were within normal limits except for an increase in WBC between day 0 (5.60 AE 0.78 cells/lL) and day 8 (10.50 AE 1.54 cells/lL; P<0.001), and an increase in SAA between day 0 (0.20 lg/mL [0.20-1.40]) and day 3 (1105.65 lg/mL [967.60-1134.00]; P<0.001) and between day 0 and day 5 (926.70 lg/mL [632.40-976.20]; P = 0.006). Both WBC and SAA returned to baseline levels by day 30. Abdominal radiography at 4 weeks confirmed that the mesh was in the craniodorsal part of the abdomen, superimposed over the outline of the liver, in all horses (Fig 2) . Laparoscopic evaluation demonstrated that all EFs were closed with strong mature fibrous tissue. There were no major undesired abdominal adhesions (Fig 3) . In one horse, the caudate process of the liver was adhered to the right liver lobe (Fig 4) . 
Discussion
This study showed that the diabolo-shaped mesh construct as used for the laparoscopic FEMC procedure can also be introduced into its correct position during a standard midline laparotomy approach. Epiploic foramen closure with dense fibrous tissue was confirmed in all horses 30 days after placement. The technique was considered fast and easy to perform. No post-operative complications related to the mesh application occurred in any of the horses that were recovered from general anaesthesia. The observed transient WBC and SAA responses are likely due to the abdominal surgery and not specifically to the FEMC procedure and have been previously reported [13] . Mesh introduction during the pilot study was considered slightly more difficult in horses with a smaller EF. The two horses in which a small section of the deeper part of the diabolo-shaped mesh construct was partially folded back onto itself were horses with a smaller EF. The authors do not expect any clinical consequences from a small section of the deeper part of the diabolo-shaped mesh construct being folded back onto itself; however, it should be noted that this prognosis is based upon experience from a small number of horses with a short follow-up. Introduction of the diabolo-shaped mesh construct in the horses that were recovered from anaesthesia and had comparable EF dimensions was uneventful and resulted in complete closure of the EF with dense fibrous tissue after 1 month. In a previous anatomical study, the mean circumference of the EF in 30 normal horses was 11.6 AE 2.6 cm [14] which is comparable to the estimated median circumference of the EF of 11 cm in the pilot study and 12 cm in the main study of the present investigation.
At follow-up laparoscopy, no undesired abdominal adhesions were noticed apart from an adhesion between the caudate process of the liver and the right liver lobe in one horse. None of the horses in this study, including the horse with the adhered caudate process of the liver, suffered from any complications and the adhesion of the caudate process of the liver to the right liver lobe appeared to be without any clinical consequences. Hypothetically, post-operative adhesions between the mesh and the intestines could have been a cause of post-operative colic episodes. None of the horses in this study presented such post-operative colic signs nor did the horses in the previous laparoscopic FEMC investigation [12] .
Radiological and laparoscopic confirmation of positioning of the mesh construct 1 month following the FEMC procedure via laparotomy enabled us to confirm correct and consistent mesh placement and closure of the EF. This avoided the need for horses to be subjected to euthanasia. The individual contributions of the mesh and the plate to the formation of dense fibrous tissue in the EF and omental vestibule were not investigated. However, the laparoscopic appearance of the dense fibrous adhesion between the base of the caudate process of the liver and the hepatoduodenal ligament at follow-up laparoscopy 1 month after mesh application was comparable to the previously published appearance at laparoscopy 1 month after laparoscopic mesh application without a plate [12] . The formation of the dense fibrous tissue between the base of the caudate process of the liver and the hepatoduodenal ligament has to be contributed largely to the diabolo-shaped mesh construct as the plate is biologically relatively inert.
The concept of three-dimensional meshing without additional methods of fixation has gained popularity in human medicine in recent years. Fixation-free three-dimensional meshing induces ingrowth of viable and structured tissue instead of regressive fibrotic scarring causing pain, which is often encountered when fixed static implants are used [15] . Clinical outcome using this meshing concept was considered excellent in human inguinal hernia repair [16] .
The current study confirms the stability of the diabolo-shaped mesh construct into the EF and omental vestibule even after extensive manipulation of the horses after euthanasia and after recovery from general anaesthesia which gives additional support to the FEMC technique. In a previous study where the FEMC technique was performed laparoscopically on standing sedated horses, no implant migration was noticed [12] . Horses were box-rested for 1 month after the laparoscopic FEMC procedure to allow the mesh construct to adhere to the surrounding tissues [12] . Monitoring of these horses ranged from one to 6 months during which they were hand walked (three times 10 min/day hand walking was introduced in the third and fourth weeks) and underwent pasture turn out (introduced during the second month) [12] . Based on the stable mesh position encountered in the present study, this resting period after laparoscopic FEMC could possibly be reduced. Reduction in the resting period after FEMC might be the subject of further investigations.
Foramen Epiploicum Mesh Closure during the initial EFE colic surgery has been discouraged due to concerns regarding imprecise mesh placement, migration of the mesh during anaesthetic recovery and the implant acting as a septic focus [10] . Subclinical or clinically evident septic peritonitis may develop in horses suffering from systemic inflammatory response syndrome, in horses were necrotic bowel has been removed from the EF or in horses that underwent bowel resection and enterotomy. This could be a potential concern regarding the mesh becoming a septic focus. However, an enterotomy or enterectomy is not necessarily performed in all EFE colic surgery cases. Moreover, recent data in human patients confirmed that the presence of intestinal ischaemia or necrosis and thus the necessity to perform intestinal resection cannot be considered a contraindication for prosthetic polypropylene mesh repair during emergency management of acutely incarcerated and/or strangulated groin hernias [17] . Great care to avoid spillage of intestinal contents into the surgical field and appropriate use of prophylactic antimicrobials were considered important in this situation [17] .
Foramen epiploicum mesh closure during the initial EFE colic surgery could avoid the need for a second (laparoscopic) procedure. The technique is fast and simple. Complete closure of the omental vestibule and EF may be accomplished without complications in a clean colic surgery. A clinical prospective multicentre study should be performed to assess safety of the laparotomic FEMC technique during initial colic surgery in a clinical setting.
